Purpose Identify an orotopical vehicle to deliver an α-adrenergic vasoconstrictor to submucosal vasculature that is readily palatable to cancer/bone marrow transplant patients that suppresses chemo-radiotherapy-associated oral mucositis. Conclusion We identified a highly efficient vehicle for the topical delivery of phenylephrine to the oral mucosa of both hamster and human subjects. This will enable its testing to suppress oral mucositis in an upcoming human clinical trial.
INTRODUCTION
The clinical impact of radiotherapy-and chemotherapyinduced oral mucositis includes pain, side effects from prolonged opioid usage, dehydration and weight loss, and local and systemic infection among others (1-3). Strategies to suppress or manage oral mucositis have taken a range of approaches from palliation with mucosal barriers, antibiotics, analgesics and oral hygiene to systemic growth factors to hasten reepithelialization of the mucosal barrier (4) (5) (6) .
A strategy involving topical vasoconstrictor application for preventing radiotherapy and chemotherapy toxicities to skin and its organelles has emerged and has been proven effective in a preclinical study demonstrating suppression of radiationor chemotherapy-induced alopecia (7) as well as in both preclinical and clinical studies showing up to 100% prevention of radiation dermatitis (8, 9) . A recent preclinical study has also shown efficacy of topical vasoconstrictor in suppression of oral mucositis in two separate animal models (10) .
Clinical testing of topically applied vasoconstrictor to the oropharyngeal cavity prior to radiotherapy or chemotherapy as a means to suppress oral mucositis will require a delivery vehicle which provides: i) the liquid physical characteristic of a reduced surface tension that enable its sprayed or swished application with adhesion and coating of each type of oropharyngeal epithelial surface, ii) sustained solubility of the small molecule α-adrenergic agonist to enable both its delivery and chemically stable, long term storage, iii) efficient delivery of the α-adrenergic agonist across the mucosa to submucosal vasculature that lies~1 mm beneath the mucosal surface, iv) a flavoring agent and sweetener to mask the bitter adrenergic agonist taste, and v) a coloring agent that enables both patient and nursing staff to see that the protective topical formulation has been applied to all of the at-risk oropharyngeal surfaces.
Topical application to the oral mucosa of a small molecule anesthetic like benzocaine for delivery to submucosal pain receptors can provide direction for the general design of a suitable adrenergic agonist mucosal delivery vehicle (11) . But, issues specific to the individual α-adrenergic agonist, including: salt form and formula weight, solubility in co-solvents that enable mucosal coating, taste, α-adrenergic receptor affinity and thus required concentration to achieve receptor occupancy, and concentration of α-agonist catabolic enzymes in the oral mucosa environs, all impact the choice of the agonist, and thus, the topical vehicle constituents.
Topical, sublingual delivery has also been used to achieve systemic delivery of thin film formulated small molecule drugs like nitroglycerin, misoprostol and clonazepam that provide insight on transmucosal delivery (12) .
Our goals in this study were to i) develop a [ 3 H] α-adrenergic agonist ligand binding assay using a mucosal tissue target, here hamster oral mucosa, ii) use the assay to demonstrate saturable ligand binding, which was both time and ligand concentration-dependent, iii) systematically screen potential delivery vehicle components to quantify the contribution of each to efficient delivery of the α-adrenergic ligand to the tissue adrenergic receptor, iv) demonstrate that the most efficient topical delivery vehicle was fully functional in delivering phenylephrine and suppressing oral mucositis in a functional mouse assay of radiation-induced oral mucositis, and v) in a step to enable a clinical trial of this strategy, demonstrate both functional ability of the delivery vehicle to coat oral mucosa and to garner patient acceptance of its taste characteristics. Table I . "Water" vehicle formulations contained 30 mM potassium phosphate buffer at pH 7.0. Duplicate 2.00 μl aliquots of each formulation were counted in a Beckman scintillation counter.
MATERIALS AND METHODS

Materials
Hamsters were anesthetized under 5% isoflurane, and cheekpouches were everted with blunt forceps, rinsed with water, blotted, and repositioned in cheeks. A 0.5 ml aliquot of [ 3 H] norepinephrine vehicle formulation was delivered from a 1.0 ml disposable syringe into each cheekpouch. A blunt forceps was used to spread open the cheekpouch while filling it with the 0.5 ml volume that nearly filled the cheekpouch. Hamsters were placed on their backs in a chamber charged with 2% isoflurane. After 1.0 or 4.0 min of incubation, hamsters were placed on an absorbant pad and were given an immediately lethal 0.2 ml injection of Nembutal to the brain administered through the eye orbital cavity using a 23 g needle. Cheekpouches were quickly everted, and with a scissors, clipped free of their attachments to the cheek, clipped completely open with scissors, drained of their radioactive contents onto the absorbant pad, and dropped into a glass scintillation vial containing 10 ml of phosphate-buffered saline. Both pouches from the same hamster were "washed" concurrently but separately with 7×10 ml exchanges (vortex 10 s) of phosphate-buffered saline. No additional [ 3 H] cpms were released after the seventh wash. Pouches were blotted to dryness and weighed, and transferred to 20 ml glass scintillation vials.
Pouches were digested in buffer containing Proteinase K at 50°C overnight, shaking, until the solution was clear. One ml of digestion buffer (10 mM Tris HCl, pH 7.5, 25 mM EDTA, 100 mM NaCl, 0.5% SDS, 100 μg/ml Proteinase K) was added per 80 mg of cheekpouch weight. One ml aliquots of the digest were added to 10 ml Ultima Gold scintillation cocktail and counted. After sample counting, 10,000 dpm of a tritium counting standard was added to some of the previously counted vials, and they were recounted to establish counting efficiency. Raw cpms were normalized for counting efficiency and for a standard amount of cheekpouch weight (500 mg) before plotting the "adjusted cpms."
Mouse Oral Mucositis Assay
Assays were done as previously described (10) . Briefly, following a single IP injection of pentobarbital (55 μg/g BW), the oral cavity, tongue and lips were painted for 10 s with topical vehicle (+/− phenylephrine, epinephrine or norepinephrine at specified concentrations) using a small artist's paintbrush. Twenty minutes later, the opened snouts of the sleeping mice were irradiated in a J.L. Shepherd Cs 137 irradiator. Thermoluminescent dosimeters on the mouse mouths indicated a dose rate of 2.0 Gy/min. Mice were subsequently observed and weighed daily for the next 14-20 days; representative mice from some treatment groups were photographed and some mice were euthanized and tissue samples were taken for histology.
Additional Procedures
To determine the efficiency with which a topical delivery vehicle could deliver an organic molecule similar to phenylephrine HCl (FW: 204) to oral mucosa and submucosal vasculature, Nile Red (FW: 318) was applied topically to hamster cheekpouch mucosa in several vehicles, and mucosa tissue samples were excised 30 min later for fluorescence microscopy analysis. Unfixed mucosal tissue samples were embedded in OCT (Tissue-Tek™, Fisher) and sectioned.
To assess the practicality of orotopical spray delivery in humans as well as the coating and retention of delivery vehicle on the human oral cavity surface, the chosen delivery vehicle, alone, with no active vasoconstrictor added, was sprayed into mouths using a Madomizer™ (Moore Medical, Farmington, CT) spray applicator. Each applicator pulsed spray delivered 0.10 ml of liquid. The delivery vehicle used in the experiment contained: ethanol:glycerol:propylene glycol:water (6:6:8:80) with 0.10 mg/ml erioglaucine, 2.0 μl/ml cherry flavor (#D19, LorAnn Oils) and 15 mg/ml Splenda sweetener.
To determine our ability to mask the bitter taste of phenylephrine to achieve patient acceptance of an orotopical phenylephrine formulation, the solutions indicated in Table II were prepared and sterile-filtered, and 2.0 ml aliquots were then taste-tested by a panel of five normal human subjects and scored for desirability of taste on a 0-10 scale. Graphpad Prism software, typically using Student t test, was used for analysis of differences between treatment groups.
RESULTS
Topical Mucosal Delivery and Fluorescent Dye Distribution
Histologic analysis of the hamster cheekpouch (Fig. 1d) shows standard oral mucosa architecture with progenitor cells in the stratum basale which differentiate through the stratum granulosum into the cornified squames of the thin surface stratum corneum. Circular blood vessels can be seen in the lamina propria and connective tissue that underlie the mucosa (Fig. 1c) . Figure 1a and b illustrate that the Nile Red small molecule topically applied in an ethanol:water (50:50) delivery vehicle clearly permeates all aspects of the mucosal and submucosal structures, including the lamina propria, thus accessing the vasculature to which the vasoconstrictor must bind to achieve constriction and secondary, transient hypoxia of (and/or reduced systemic chemotherapy delivery to) the overlying tissue that includes the at-risk mucosal progenitor cells. Because the Nile Red formula weight (318) is greater than that of phenylephrine HCl (204) and they have similar hydrophobicities, we concluded that a topically applied adrenergic vasoconstrictor in an alcohol:water vehicle would be delivered in a like manner throughout the oral mucosa. In initial experiments with a simple delivery vehicle of 30 mM potassium phosphate pH 7.0, topical delivery of the [ 3 H] norepinephrine ligand to intact hamster cheekpouches achieved nearly saturated binding by 16 min (Fig. 2a) .
The majority (34,000/44,000) of the bound [ (Fig. 2b) , indicating that 7×10 s washes in phosphate-buffered saline of the minced cheekpouch tissue after recovery from the hamster were sufficient to remove the majority of nonspecifically bound [ 3 H] norepinephrine and thus provide an assay with a valid representation of how changes in topical vehicle composition affected delivery of an α-adrenergic agonist to specific binding sites within the cheekpouch mucosal tissue.
With a validated assay in hand to quantify specific mucosal binding of a topically delivered α-adrenergic agonist, we undertook a systematic analysis of topical vehicle components with the goal of identifying the vehicle formulation that would confer the highest level of [ (Table I ). As seen in Table I , a wide variety of alcohols, polyols and known permeation enhancers were tested in various combinations. The second-lowest binding level was seen with a vehicle that was 80% polyethylene glycol and 20% water (Group 2). The mucosal tissue looked "fixed" and somewhat rubbery after the incubation. The addition of cellulose to water (Group 3) provided a viscous vehicle with excellent mucosa coating capability, but it provided little improvement over water in ligand binding. The addition of increasing concentrations of a "penetration enhancer," polyvinylpyrrolidone, conferred a decreasing improvement in ligand binding, and at 10% PVP added to the otherwise best vehicle (Group 27) we saw the lowest overall binding. Vehicles using the addition of polyethylene glycol and ethanol to water (Groups 4-11) gave no improvement over water alone.
The combined addition of ethanol, glycerol and propylene glycol, in aggregate about 20% of the total volume, to water by far gave the most efficient topical delivery vehicles (Groups 12-21). Though some percentages other than the 6:6:8:80 (ethanol:glycerol:propylene glycol:water) formulation we chose as the best (Group 13) gave values greater than "100%," none of the values were statistically greater, and at a Some subjects indicated that sample "tasted bitter" or "tasted like medicine" total alcohol concentrations much greater than 20% it became somewhat uncomfortable to hold the material in one's mouth for 1 min after orotopical application.
Orotopical Vehicle Application to Humans
To determine: i) how well the optimum vehicle chosen above (Group 13) would spread and adhere to human oral mucosa, and ii) what Group 13 vehicle volume would be required to create a film that covered a defined mucosal surface, the Group 13 vehicle was initially sprayed into a human subject's oral cavity. To visually assess the degree of surface coating and to monitor the volume required to do so, a food coloring (Blue-4/ erioglaucine) was added to the vehicle at 0.1%, and a commercially available spray applicator (LMA MADomizer TM ) was adopted because it delivered liquid at 0.10 ml/spray, making it easy to record the volume applied to a surface to achieve appropriate coverage and retained coating. A single 0.10 ml spray of the dye-containing Group 13 vehicle to the human buccal wall gave a thin blue coating to the surface (Fig. 3b) . Ten 0.10 ml sprays to the buccal wall area gave a denser blue coating with modest pooling at the base of the buccal wall (Fig. 3c, +insert image) as evidenced by some vehicle/dye uptake by a cotton roll placed at the base of the buccal wall. Fifteen sprays gave no denser blue coating on the buccal wall, but substantial runoff and pooling at the base of the buccal wall ] norepinephrine (2.25 μCi, 0.198 nmol norepinephrine) dissolved in 0.5 ml of topical vehicle formulation, here 30 mM potassium phosphate buffer at pH 7.0, was delivered to the hamster cheekpouch (see Materials and Methods), and after the indicated times (a) or 4 min (b), hamsters were euthanized, cheekpouches were removed, minced and washed in phosphate-buffered saline. Following Proteinase K digestion to clarity, samples were counted in a scintillation counter. Unlabeled phenylephrine HCl was added to the [ was observed (Fig. 3c, +insert) . With 5-7 sprays to each buccal wall, and with spraying at the same "rate" to other surfaces in the oropharyngeal cavity, we observed uniform blue coverage by the blue Group 13 vehicle of the entire adult oropharyngeal surface using 30×0.10 ml sprays. Per the study by Kerr et al. (13) , which measured a total surface area of 175 cm 2 within an adult human oral cavity, 3.00 ml vehicle/175 cm 2 area equals a spray application rate of 17 μl liquid/cm 2 of oral surface area.
Flavoring in Vehicle to Suppress Phenylephrine Bitterness
To determine whether phenylephrine would be tolerated in an orotopically applied drug to suppress oral mucositis, 0.25% (12.3 mM) phenylephrine as a 2.0 ml taste sample in water alone was given to five healthy humans who swished it in their mouths for 5 s and then spit the sample out. Subjects were then asked to score the taste desirability on a 0 to 10 scale of this phenylephrine sample versus two other samples, the contents of which were all blinded to the subjects. Table II shows that subjects disliked the taste of phenylephrine in water; some subjects indicated that it "tasted bitter," or "it tasted like medicine." It was clear with Treatment Group 3 (in Table II ) that addition of both 0.25% of a commercial cherry flavor along with 16% sucrose as a sweetener markedly improved subject acceptance of the phenylephrine once it contained appropriate taste masking materials.
Optimum Vehicle With Phenylephrine Suppresses Oral Mucositis in Mice
Using the radiation-induced mouse oral mucositis assay developed in our laboratory (10), the Group 13 topical delivery vehicle, now optimized to also contain 0.1% erioglaucine dye, 0.25% cherry flavor and 1.5% sucralose (Splenda   TM   ) sweetener, was tested for its efficacy as a vehicle to enable phenylephrine, norepinephrine or epinephrine suppression of oral mucositis. Figure 4 shows that each of the three α-adrenergic vasoconstrictors, topically applied (painted on) to the mouse oral cavities 20 min before irradiation, suppressed greater than 75% of the weight loss (P<0.001) seen in mice who received only topical vehicle to their oral cavities before irradiation with 19 Gy to their snouts.
DISCUSSION
The occurrence of oral mucositis during bone marrow transplant, radiotherapy and chemotherapy is common. Clinical a b c
Pre-Spray 1 Spray 15 Sprays Fig. 3 Sprayed application of optimized orotopical delivery vehicle to assess surface coating and retention properties. Oral cavity (a) before, (b) following 1× 0.10 ml sprayed application from a Madomizer applicator and (c) following 15×0.10 ml sprayed applications. (c) Excess topical vehicle from the 15 sprays can be seen pooled (arrows) in the buccal-gingival trough. In a parallel experiment, dental cotton rolls were placed in the buccal-gingival trough just before either 10 or 15×0.10 ml sprayed applications to the buccal wall. Cotton rolls were then retrieved (C inset) to assess amount of excess topical formulation that had not been retained on the buccal wall. Body Weight (gm) Fig. 4 Significant suppression of radiation-induced weight loss in mice treated with topically applied α-adrenergic vasoconstrictors to the oral cavity surface before irradiation. Adrenergic agonists at the indicated concentrations were dissolved in an optimized orotopical delivery vehicle comprising ethanol:glycerol:propylene glycol:water (6:6:8:80) containing blue dye, cherry flavor and Splenda sweetener (see Fig. 3 ) and then painted onto orotopical surfaces of mice 20 min before irradiation. Following 19 Gy irradiation of the snout, mice were weighed and observed daily for 20 days post-irradiation. management of the pain and narcotic side effects, dehydration, dysphagia and weight loss, oral and septic infections, and substantial costs to HMOs are significant problems. The U.S. Cancer Pain Relief Committee concluded that "effective treatments to reduce the pain and functional impairment of oral mucositis are needed in this patient population (14) ."
Our goal in these experiments was to identify an orotopical vehicle that could efficiently deliver an α-adrenergic vasoconstrictor to submucosal blood vessels and that could be made readily palatable to enable patient acceptance of repeated applications to their mouths, such as during the conditioning regimen prior to bone marrow transplant or daily radiotherapy sessions for a head and neck tumor.
The delivery vehicle with a 20% content of alcohols that included ethanol and the polyols glycerol and propylene glycol (Group 13) worked very well (P=0.004 versus water vehicle) to efficiently deliver an α-adrenergic agonist, [ 3 H] norepinephrine, to specific oral mucosa binding sites, which could be competed off by our target α-adrenergic agonist, phenylephrine. Phenylephrine doesn't bind to β 1 or β 2 adrenergic receptors so it lacks the cardiac side effects associated with β agonist function (15) ; this makes it a safer active agent for this orotopical application.
Minor modifications in each of the alcohol or polyol contents of Group 13 (Table I) provided improved, but not significant, differences in vehicle delivery performance. Human testing (not shown) also indicated that combined alcohol contents greater than 20% began to feel uncomfortable (e.g., stinging) when held in the mouth for 1 min after application. Other delivery vehicle components that were tested, including i) hydroxypropylmethylcellulose (16) , polyethylene glycol (17) , and polyvinylpyrrolidone (18) , which have been used widely in other delivery vehicles including the oral vehicles cited here, provided no improvement in delivery of the small molecule adrenergic agonist. These aggregate observations, most of which are non-intuitive, directed us to adopt Group 13 as the vehicle for future human clinical trial use.
The physical characteristics of the Group 13 vehicle were also excellent for both spray delivery from the commercial LAM MADomizer TM spray applicator as well as oral mucosal coating properties. By providing a uniform, adherent film on the buccal and other oral surfaces, it provides time for transmucosal delivery of phenylephrine to submucosal vasculature. The MADomizer applicators are commercially available and can be used to dispense precise volumes of the oral formulation (19).
Significant for the clinical use of this OM-suppression strategy, we found that an unacceptable, poorly tolerated taste of phenylephrine could be masked by addition of a flavoring agent and sweetener (Table II and The efficacy of the Group 13 formulation to enable highly significant suppression of OM in the mouse model (P<0.001) is very encouraging because this vehicle is now ready to be used in a planned Phase I/IIa clinical trial to determine both the safety and efficacy of orotopical phenylephrine in suppressing the Grade 3 oral mucositis that is observed in >95% of bone marrow transplant patients who receive the cyclophosphamide + total body irradiation conditioning regimen.
In conclusion, we have identified a highly efficient vehicle for the topical delivery of phenylephrine to the oral mucosa of both hamster and human subjects, and with further modification of taste, this technically efficient vehicle also became a well-tolerated vehicle that masked unfavorable phenylephrine taste to enable its use and testing to suppress oral mucositis.
